Abstract From green herbage yield, environment, and remote sensing (RS) data recorded in different grassland types in Fukang County, Xinjiang from 1991 to 1996, correlation analyses and grassland yield estimates were obtained using remote sensing and geographic information system (GIS) technologies. Methods of processing images, analysing information, and linking of remote sensing data with ground grassland data were explored. Results showed correlation between fresh herbage yields and ratio vegetation index (RVI) and normalised difference vegetation index (NDVI) (P < 0.01) in four grassland types with correlation coefficient (r) >0.679. Fresh herbage yields correlated better with RVI than with NDVI for lowland meadow, hill desert steppe, and mountain meadow, but not for plains desert steppe. Optimum non-linear models for estimating yield were selected from six curves, and estimated total yields were verified by ground truth large-plot investigations and statistical analyses. The effects of estimating green herbage yields using non-linear models were better than those using linear models in all four grassland regions. The total accuracy of estimating yields by remote sensing was >75% over large areas in the four grassland types using a combination of remote sensing and GIS. Remote sensing, along with GIS,
INTRODUCTION
Because of rapidly growing population and a dwindling resource base, sustainable development places greater and conflicting demands on available agricultural resources. Decision-makers need to monitor and analyse the changing resource bases of specific ecosystems, for example, the grassland ecosystem, in order to make informed decisions. Modern information technologies, such as Remote Sensing (RS) and Geographic Information System (GIS) technologies, can facilitate efforts in this direction. In recent years, growing concern about deterioration of grasslands plus the need for a valid grassland yield and environment information base upon which sustainable development pastoralism decisions can be based, has emphasised the utility of RS and GIS technologies (Li Jianlong et al. 1995) .
RS and GIS are being used increasingly as tools to assist in grassland resource inventory and integration of data and as a mechanism for analysis, modelling, and forecasting to support decisionmaking (Tueller 1989) . Remote Sensing is the acquisition of information concerning an object or phenomenon without physical contact, and has been recommended for at least 30 years for assisting with grassland resources development and management on a worldwide basis (Tueller 1989) . A history of RS for grassland management is found in Poulton et al. (1985) , who describe the development of RS as a science in the mid to late 1960s. The launch of Landsat in 1972 extended RS beyond air photo interpretation into the realm of digital analysis of multispectral and multitemporal data. Because of the extent of areas of grasslands and the recognised need to estimate them at low cost, RS is considered to have significant promise for the future. Using Landsat TM and NOAA weather satellite data, Taylor et al. (1985) found that RS vegetation indices (NDVI and RVI) were highly correlated with wet green yield, dry green yield, and curved vegetation cover on mesquite-grass vegetation. They concluded that quantitative measurement of grassland yield can be made from Landsat TM and NOAA/ AVHRR data.
Xinjiang, in the north-west of China, is the third largest grassland province in China, with a total land area of 1.67 x 10 6 km 2 and carrying capacity of 4.5 x 10 7 sheep units (Fig. 1) . Seasonal use of natural grassland has an important role in the agricultural economy and greatly affects animal productivity. Grassland yield (green biomass) is an important index for estimating pastoral productivity and is the basis for planning animal production. Large-scale dynamic information about grassland yield is important for effective management of grassland and livestock. However, the traditional method was limited by the small areas controlled by a few samples and infrequent measurements, and was time-consuming and costly. It could not adequately provide large-scale information about grassland yields (green biomass) for herdsmen and farmers. Monitoring of grass and forage growth with reliable precision by RS technology has been shown to be feasible (Fan Jingzhao et al. 1990; Huang Jingfeng et al. 1993; Li Bo et al. 1993 ), but it is not known whether RS can be used for estimation and prediction of grassland yield on a large scale because of the low spatial resolution of meteorological satellite data and local environmental effects. To avoid the limitations of the traditional Li et al.-Estimating grassland yields by remote sensing method, the objective of this paper was to establish estimating systems and models of grassland yield and apply them to monitoring and estimating grassland yield on a large scale by combining RS and GIS technologies, in order to assist policy and management decisions and thus lead to more effective and less wasteful administration of native grassland animal husbandry.
MATERIALS AND METHODS

Study site
The study area is located in Fukang County, Xinjiang, which stretches from 87°46'E to 88°44'E, and from 43°45'N to 45°30'N ( Fig. 1) . Total land area is 8422.5 km 2 and carrying capacity is 370 000 sheep units. The vegetation has been classified by grassland inventory and Landsat Thematic Mapper (TM) information. The main types of grassland, from north to south, are: plains desert steppe (I), lowland meadow (II), hill desert steppe (III), and mountain meadow (IV) (Fig. 2) . Long term ecological monitoring sites are established in the four vegetation types to record environmental and grassland data, and sampling locations are measured by the global positioning system (GPS) instrument of TRAN SPAK (made in USA, using 24 satellites) and terrain map ( Table 1) . As grassland occupies > 90% of agricultural land area in Fukang, knowledge of dynamic change and accurate measurement of the green yield of grassland are important for maintaining forage-animal production balances, and developing pastoralism.
Remote Sensing (data collection and processing) From 1991 to 1996, 24 scenes of NOAA/AVHRR (meteorological satellite data) images and 2 scenes of TM data free of clouds in the study area were collected. The images were processed and analysed by ERDAS (Earth Resources Data Analysis System, made in USA) and ARC/INFO (geographic information system software made in USA). The NOAA weather satellites provide remotely sensed data at a scale of 1:10 000 000 and pixels that are about 1.1 km on one side from AVHRR (Advanced Very High Resolution Radiometer). One advantage of this system is the capability of obtaining grassland yield data on a daily basis. A disadvantage is the low resolution. The grassland yield estimating system in Fukang used green herbage biomass estimates from ground truth sites to calibrate the relationship between satellite-derived vegetation indices and green yields (Li Jianglong et al. 1995) . The ground truth sites were selected to represent four ecological communities (Fig. 2) . Four sites were sampled in each community from 1991 to 1996. Green yield estimates for the four sites were obtained using a double sampling technique (Wilm et al. 1944; Bonham 1989) . Four measurements of grassland yields for each type were made in small plots (1 m 2 ) fortnightly from 16 May to 16 October; and during the period of most growth, from 1 June to 16 September in each year, large plots (50 m x 50 m) in each vegetation type were measured three times. These yield data were compared with yields estimated by RS.
In each sampling area, soil moisture, surface temperature, air temperature, precipitation, evaporation, and radiation were recorded (Li Bo et al. 1993) , and ground spectral information was recorded with an RS-B field spectrometer (made in China, 1985) . Channel 1 (CHI) and channel 2 (CH2) AVHRR data were processed by rectification, registration, and extraction of the RVI (Ratio Vegetation Index, RVI = CH2/CH1) and NDVI (Normalised Difference Vegetation Index, NDVI = (CH2-CH1)/(CH2+CH1)) indices, and correlations between the grassland yields observed in ground truth sites and vegetation indices were analysed by the multivariation regression technique (Fan Jingzhao et al. 1990 ). The mean green yields recorded from the 4 sites and 24 integrated RVI and NDVI vegetation index values were used to derive equations for estimating green biomass for 25 pixels over 6 years. The simulated models were tested and verified for their precisions and sensitivities.
To avoid the limitations of NOAA data, as the source of information used here is digital data derived from the NOAA/AVHRR format node, with a 1.1 km spatial resolution acquired during ascending node (13:30), particular attention was given to the following: (1) rectifying the effects of sun angle, atmosphere, and terrain using digital elevation model (DEM), projection transform and data vectorisation, image registration, information classification, and image overlay to decrease the errors in data processes; (2) rectifying the NOAA data by TM and ground observed spectral information; (3) to decrease the errors of pixel coordinate deviation, the average of the processed pixel and its 24 near neighbours' values (5 by 5 = 25 pixels) was used in correlation analyses; (4) 24 scenes of NOAA data and measured ground yield data in corresponding time were used to make the models, and the relationships between RVI and NDVI extracted from the images, and the yields measured in ground truth sites were further discussed; and (5) all remote sensing yield estimation models and results were also analysed for their precision and checked by actual measuried yields on four ground truth sites.
RESULTS AND DISCUSSION
Vegetation indices and establishment of remote sensing estimate yield system For live green vegetation, there is a significant difference in reflectance and absorption of electromagnetic radiation when going from visible to near or mid infrared wavelengths. These differences have led to the development of several multispectral band ratios and indices that involve both the red/infrared differences and coefficients derived from several bands. These ratios and indices are indicative of the quantity and quality of green and senescent vegetation. Jackson et al. (1983) pointed out that an ideal vegetation index would be highly sensitive to vegetation, insensitive to soil background changes, and only slightly influenced by atmospheric path radiance. On grasslands, our research showed that the ideal indices would have the capability of sorting out the influences of shadow and the great variety of leaf reflectances among the many species (Li Jianlong et al. 1995) .
Ratio-based indices for estimating green yields use the red and near-infrared (NIR) bands. They contrast the high chlorophyll absorption region in the red against the high reflectivity in the NIR. We also found that the ratio between the NIR and red radiations was a sensitive indicator of green biomass, and these indices included the ratio vegetation index (RVI), where RVI = NIR/red, and the normalised difference vegetation index (NDVI), where NDVI = (NIR-red)/(NIR+red). The RVI and NDVI increase as the vegetation becomes greener or more dense. Grassland managers are interested in the distribution and condition of the vegetation and green yields at a given time and place, and areas of grassland can be mapped by GIS from space using multispectral data and image processing systems.
Applications of remote sensing data are best thought of as part of a remote sensing and GIS cycle or yield estimation technical system or procedure (Li Jianlong et al 1996) : I Define the problem and seek information; II Determine the appropriate remote sensors; III Acquire the remotely sensed and ground site grassland data; IV Correlate the data with ancillary ground data; V Analyse the data for their information contents; VI Establish the estimating yield model and systems; VII Report the results; VIII Interpret and use the information (Fig. 3) .
Using the dynamic monitoring and yield estimation indices and systems established in this paper, our research showed that grassland and other land resources in Fukang in 1996 had greatly changed from those in 1986, and areas of grassland and forest were reduced by 17.5% and 51.0%, respectively, from 1986 to 1996. We also found temporal and spatial differences in spectral vegetation indices in the four grassland types, and an obvious correlation between fresh or dry herbage yields and RVI or NDVI indices (P < 0.01), with correlation coefficients > 0.84. Thus, the results showed that dynamic monitoring and grassland yield estimation is feasible using NOAA data (Li Bo et al. 1993; Li Jianlong et al. 1995) .
Geographic information system (GIS) technology is relatively new but is growing rapidly. GIS is an information technology system which stores, analyses, and displays both spatial and nonspatial data (Tucker et al. 1987) . The technology in this paper has been developed as a result of the need to use mappable information to make decisions. GIS is a powerful tool for integrating and analysing data derived from remotely sensed imagery interpretations, vegetation map, grassland resource, and yield estimates, and is a key step in establishing RS yield estimation systems (Fig. 3) . Grassland data measured in the sites are displayed spatially and overlaid, and importance is given to the juxtaposition of the many data points in use of this powerful tool for quick and accurate decisionmaking.
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Establishment of Remote Sensing yield estimation models
Relationships between the fresh herbage yields (Yl) and ND VI (X1) or RVI (X2) were analysed by linear and nonlinear regression and the optimum nonlinear models were selected from six curves (Li Jianlong et al. 1995) . According to the simulated models' effects in the different temporal and spatial condition, the grassland yield was better related to NDVI and RVI indices, respectively, and the precision of yield estimation was significantly higher using nonlinear models (r = 0.679-0.984) (P < 0.01). Correlation coefficients are in the order: type IV > type II > type I > type III ( Table 2 ). The coefficient of type III was smallest because the vegetation of type III consisted mostly of shrub with low chlorophyll content and its spectral reflectivity was higher, so that the coefficient between the yield and NDVI or RVI was less than in other vegetation types. With higher vegetation cover in types IV, II, and III, correlations between fresh herbage yield and RVI were better than NDVI. However, when vegetation cover was lower, as in type I, the relationship between fresh grassland yield and NDVI was better than RVI. Thus, different greenness indices in different types of vegetation cover should be selected to estimate yield and to improve the prediction accuracy (Table 2) . From Table 3 , the accuracy of estimating fresh or dry herbage yields using nonlinear models was better than those using linear models made from mean integrated RVI and mean green biomass, particularly in estimating fresh herbage yields (r 1 = 0.901-0.914 versus r 2 = 0.760-0.807).
Remote sensing yield estimation results and effect analyses for different grassland types
Using the optimum nonlinear estimation models, total yields in the four vegetation types on 1 June 1996 were simulated and compared with measured yields in ground truth sites (Table 4) . From Table  4 , grassland yields estimated by remote sensing models were approximately consistent with these measured in ground sites, the relative errors being less than 25%. From the view of the demand of grassland production and statistics, the estimation precision for each type was satisfactory. Carrying capacity estimates based on correlations with RS data and ground site herbage yields appear to be reasonably reliable for the future (Li Jianlong et al. 1996) . Our results have shown that grassland yield estimation over large areas using NOAA data and remote sensing and GIS technologies is feasible and economical in China. The combination of remote sensing data with ground grassland data can be used for estimating grassland yields over large area. These technologies and results have the potential for widespread use in developing and improving pastoral production and for ecological research (Taylor et al. 1985; Tucker et al. 1985 Tucker et al. , 1987 Li Jianlong et al. 1996) . Table 2 The satellite remote sensing models of herbage yield estimation in the different grassland types ( kg ha 2 ). ** = />< 0.01. 
CONCLUSIONS
Results showed that methods and systems using a combination of remote sensing data and ground data can be used for estimating grassland yields over a large area. The correlation coefficients between fresh herbage yields and greenness indices (NDVI and RVI) for 6 years were all > 0.679. Accuracy of yield estimation for four grassland types was 75.8%, 85.5%, 84.7%, and 81.1 %, respectively. This satisfies the demand of statistics and pastoral production, and it can be used in monitoring and estimating the grassland dynamic yield. Except for type I, accuracy of yield estimation was higher by RVI than by NDVI for vegetation types IV, III, and II. In addition, the effects of estimating green herbage yields using nonlinear models were better than those using linear models (Table 3) . These results show that dynamic grassland yield estimation and ecological research by NOAA data and the RS and GIS technologies are feasible and believable, and thus have a wide implication for application in grassland production and ecological research. Remote sensing and GIS technologies are proving to be efficient tools that enable decision-makers to address problems of environment and development in an integrated manner, especially in pastoral areas, either in temperate or in subtropical zones. The future of grassland resources development and management is dependent upon increased scientific capability. RS, along with GIS, can contribute information for a variety of grassland resource management and estimation applications.
